ABSTRACT The blocking of large-capacity HVDC or the tripping of AC transmission lines by accident will cause power flow transfer sharply and increase the risk of cascading faults in AC/DC hybrid power grid. Therefore, it is needed to take reasonable safety control measures in time to interdict the spreading of the accident. In this paper, a post-contingency power flow control (PPFC) strategy for AC/DC hybrid power grid was proposed. This strategy brings the dynamic electrothermal effects of the conductor into the safety constraints to fully excavate the short-time overload endurance capability of transmission lines, and coordinates the active power adjustment of generators, power transmission adjustment of HVDC, and load shedding measures, to realize the dynamic optimal power flow control in multiple time sections. The proposed optimization control model takes minimum total cost as the objective function, and accounts for the influence of different weather conditions along the transmission lines and load fluctuations after the accident on the electrothermal safety of transmission lines, which can quickly provide the economical and reasonable power flow control scheme, to prevent the AC/DC hybrid power grid from unexpected cascading tripping effectively. Finally, the effectiveness and superiority of the proposed strategy were verified through case studies on the modified IEEE 10-machine 39-node power systems.
I. INTRODUCTION
With more and more large-capacity HVDC projects being put into operation in the existing ac power grid, the AC/DC hybrid power grid has become one of the development trends of the modern power system [1] , [2] . The transmission capacity of both ac and HVDC transmission lines have brought a new challenge to the safe operation of the power grid. The blocking of large-capacity HVDC or tripping of ac transmission line by accident will lead to massive power shortage, and cause power flow transfer; if effective control measures
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cannot be taken timely, the transferred power flow may cause the action of distance protection zone 3 or the overload protection of other normal ac transmission lines, induces N−k cascading tripping and results in large area blackouts [3] - [6] . Therefore, it is of vital importance to take reasonable and effective safety control measures after the occurrence of a single fault event and alter the post-contingency power flow distribution to prevent the accident from expanding [7] , and to ensure the safe and stable operation of AC/DC hybrid power grid.
Specific to the overload problem of transmission lines due to power flow transferring after a fault event in power grid, the existing post-contingency power flow control (PPFC) strategies mainly employ measures of adjusting the active power injected into the nodes of the power network (e.g., altering the output of generators and shedding loads) to eliminate the overload conditions of transmission lines. These methods can be classified into two types: (a) sensitivity methods [8] - [11] , and (b) optimization control methods [12] - [14] .
The corresponding adjustment scheme of sensitivity method is obtained by deducing the adjustment quantities of the control variables from the over-limit degrees of active power flow according to the relation between the active power injected into nodes and the active power flow. However, this kind of method has some limitations when being applied in the AC/DC hybrid power grid [15] . The active power sensitivity of the node power to the ac line will change with the power adjustment of the dc lines, so it is difficult to deduce the adjustment quantities of the control variables and optimize the control globally.
The control scheme of the optimization method is produced by solving mathematical optimization models to adjust the control resources optimally. The solving algorithm and the number of variables involved in the optimization model will directly affect the convergence and calculation efficiency of the optimization model, and further, affect the implementation effect of the security control strategy.
The power flow transfer is usually restricted by the transmission capacity of critical transmission section [16] . The transmission capacity relates to the thermal rating, voltage constraint, and angle stability of the system. However, with the fast development of power system stability control and reactive power compensation technology, the stability and voltage drop problems of transmission networks can be better controlled and mitigated. Thus, thermal rating, which directly reflecting the conductor temperature and clearance (sag), becomes the critical issue for the maximum transmission capacity of transmission lines. However, the power transmission constraint of ac transmission lines often adopts conservative line ratings. In fact, there is an electrothermal coupling relation of ''current-conductor temperature-sag/clearance'' in the transmission line, in which the conductor temperature is the link between current-carrying capacity and clearance safety. Conductor temperature is a critical parameter affecting the safe operation of transmission lines [17] . The change of conductor temperature always lags the change of the operating current due to the thermal inertia of the conductor, which enables the transmission lines in operation to have a certain degree of overload capability.
Recently, some scholars have proposed to apply the coupling relation between line current and conductor temperature to the optimal operation of the power system and have carried out research in the aspects of dynamic line rating and power grid scheduling. For example, [18] , [19] used the thermal inertia process and combined the power flow and dispatching models to improve the optimal power dispatching method. Reference [20] - [22] adopted the dynamic line ratings to the post-contingency safety analysis and correction control of the power system in order to enhance the performance of the correction control. However, the above-mentioned research often utilizes the simplified calculation model [23] , [24] to represent the dynamic electrothermal effects of transmission lines, which neglect the temperature distribution difference of different positions on the conductor under the impact of a short-time overload current, and will lead to a bias of the result and safety control decision. Moreover, the research focuses on the optimal dispatching of ac power systems. There is rare research on the PPFC strategy for AC/DC hybrid power grid during the period of power flow transferring.
For the above reason, a new PPFC strategy for AC/DC hybrid power grid considering the electrothermal effects of transmission lines is proposed on the basis of [25] and [26] . The main contributions of this study are as follows:
• The thermal accumulation of conductor temperature is adopted as the safety constraint of transmission lines. Compared with adopting the static thermal rating or the conservative conductor temperature as safety constraints, it can fully excavate the short-time overload capability of transmission lines to provide power transmission support for the safe operation of the power grid.
• The optimization model in the proposed PPFC strategy can reasonably coordinate the power adjustment of generators and the sound HVDC, and load shedding on the premise of ensuring the safe operation of transmission lines, to interdict the spreading of cascading trip in AC/DC hybrid power grid.
• Compared with the conventional control methods, a procedure of control variable selection is utilized to overcome the disadvantages of too much equipment participating in the PPFC control, so the implementation efficiency of the proposed PPFC strategy is improved.
• The influence of weather conditions and load fluctuation on the electrothermal safety of transmission line are considered. The control process is optimized at multiple time sections rather than one-off optimization at a single time section, which is more accordant with the actual operating situations. The remainder of this paper is organized as follows. The conceiving of the PPFC idea for AC/DC hybrid power grid and its control variable selection are introduced in Section II. The details of the control objective, constraints, and model optimization of the PPFC are presented in Section III. The verification of the proposed PPFC strategy and the influence of ambient weather conditions and load fluctuations after the accident on the electrothermal safety of transmission lines as well as the control costs are analyzed in Section IV. Finally, some conclusions are drawn in Section V.
II. CONCEIVE OF PPFC STRATEGY
The blocking of large-capacity HVDC or tripping of ac transmission lines in AC/DC hybrid power grid will result in power flow transferring sharply. The thermal protection VOLUME 7, 2019 FIGURE 1. The framework of the PPFC in AC/DC hybrid power grid.
proposed in [25] can guarantee the non-fault transmission line withstand the initial current impact after power flow transferring, and maintain the integrity of the power network. On the basis, if combining it with the dynamic electrothermal effects of transmission lines, and taking power flow optimal control, then, they can effectively interdict the spreading of the cascading trip.
The framework of PPFC in this paper is illustrated in Fig.1 , where u and x are the control variable and condition variable in the optimization model, respectively. T l,t , I l,t , and M l,t are real-time conductor temperature, current, and meteorological parameters (e.g., ambient temperature T El,t , wind speed v l,t, and solar intensity S El,t ).
The crucial issue of PPFC is establishing the reasonable optimization model and effectively coordinating the dynamic electrothermal constraints of transmission lines with power flow control measures. The main steps of PPFC are as follows.
Step 1: fast estimate the power flow transferring distribution in AC/DC hybrid power grid after the HVDC blocking or ac line tripping off, and select the line set of current off-limit as the controlled object; these lines will not be tripped off under the protection of thermal protection even though their current is off-limit in short time, and can still sustain the integrity of the power grid.
Step 2: select the generator and load nodes that have sensitive control effect, and coordinate them with the sound HVDC as the executors of the power flow control to avoid all the generator and load nodes participating in optimization, and to improve the control efficiency.
Step 3: establish the optimization control model by considering the dynamic electrothermal effects of transmission lines according to the weather information and power flow estimation.
Step 4: solve the optimization model according to the preset constraints, and send the power adjustment amount or load shedding signals to the sound HVDC, controllable generators and removable loads according to the optimal results; implement the PPFC strategy to alter the power flow distribution.
B. POWER FLOW OFF-LIMIT JUDGMENT AND CONTROL VARIABLE SELECTION 1) LINE SET OF CURRENT OFF-LIMIT
The first thing is determining the lines that will occur power flow off-limit in the ac power grid after HVDC blocking or ac line tripping off when encountering a fault. Thus, the current off-limit index, σ ij , of transmission lines is introduced in this study.
where, P ij is the active power of line L l (corresponding to the node i and j) after the accident; P ij,rated is the rated active power of the line; S B is the node set of the ac power grid. The larger the σ ij is, the larger the active power will flow through the line L l ; if σ ij > 1, it means the line current exceeds the limitation. According to (1), through fast power flow estimation and comparing them with the upper limits after the accident in the AC/DC hybrid power grid, all the ac lines, note as set S L , can be divided into two parts, namely, (a) the subset S L1 , the line in this subset will occur power off-limit; and (b) subset S L0 , the line in this subset will not occur power off-limit. So,
2) CONTROL VARIABLE SELECTION
According to the dc steady-state power flow equations, once the HVDC control mode is determined, the power of any converter substation only relates to the voltages of ac buses of this converter substation and other converter substation links to it. Thus, the ac bus of converter substation can be treated as a PQ node, and the PPFC fast estimation can be realized through utilizing a decoupling algorithm [20] .
where, P and Q are node active and reactive power unbalance vectors, respectively; U and θare node voltage and phase angle correction vectors, respectively; B denotes the coefficient matrix of P-θ iteration; B denotes the coefficient matrix of Q-U iteration. Due to the node power injection of HVDC does not relate to the phase angle of node voltage, so the calculation of B is the same as that of ac power flow, but it will result in an increase of B ; the detailed formula of B can be deduced according to the different control mode of HVDC. In general, B , B , and B are constant symmetric matrixes, which can satisfy the requirement of fast decoupling iterative power flow calculation. The Power Transmission Distribution Factors (PTDFs) are employed to reduce the number of control variables in order to improve the PPFC efficiency [27] ; thus, the generator and load nodes that have good control effect of lines in S L1 are selected. The PTDFs can reflect the power flow variation of each line when the node active power injection changes. The PTDFs contributed from each generator and load node are represented in (4) .
where, H Gm l denotes that when the active power of generator m adjusts P Gm , the active power transmitted by L l will change P ij ; H Dn l denotes that when the active power of load n adjusts P Dn , the active power transmitted by L l will change P ij ; S G and S D are the sets of generator and load nodes in AC/DC hybrid power grid, respectively.
Then, the PTDF vectors, H G l and H D l , denoting all the generators and all the load shedding nodes contributing to L l , respectively, can be calculated according to (5) .
The infinite norm of PTDF vectors,
, which contain the generator nodes and load nodes with best power flow control performance to L l , are calculated; the generator node set S Gbest and load node set S Gbest , with best power flow control performance to L l , are obtained through the set union.
Finally, the active power P Gm of generator m in S Gbest , the active power shedding amount P Dn of load n in S Gbest , and active power increase P DCk of sound HVDC k in S DC are jointly selected as control variables u: As analyzed above, through power flow fast estimation and PTDFs calculation after some critical lines tripping off in AC/DC hybrid power grid, the reasonable control variables are selected to participate in the PPFC in order to improve the control efficiency and facilitate online application. The flowchart of control variable selection is illustrated in Fig.2 .
III. PPFC MODEL FOR AC/DC HYBRID POWER GRID A. CONTROL OBJECTIVE
The PPFC strategy takes measures like adjusting the active power output of the generator, adjusting the transmission power of the sound HVDC, and shedding load in necessary to realize power balance and interdict power flow transferring disorderly. VOLUME 7, 2019 Among them, the cost of generator active power control is:
where, S Gbest is the node set of generators participating in PFC; P Gi,t is the active power output of generator m at time t; a m , b m and c m are the constant coefficient, first-order coefficient, and second-order coefficient of the cost function of generator power adjustment, respectively; t 0 is the start time of control, t f is the end time of control, [t 0 , t f ] is the time period of PFC. The cost of sound HVDC power control is:
where, S DCbest is the node set of the sound HVDC after the accident; P DCk,t is the active power of the sound HVDC k at time t; d k is the cost of HVDC power control. In general, the cost of HVDC power control is cheaper than that of generator active power adjustment [28] . Loss of load should be minimized in power flow control. Shedding partial loads to reduce the overload of ac lines should be considered only when the adjustment of generator power out and sound HVDC power transmission cannot be satisfied. Thus, the cost of load shedding is:
where, S Dbest is the node set of removable loads; P Dn,t is the amount of active power shedding on load node n at time t; e n is the cost of different load node n, which can reflect the economic loss and responsible compensation of load shedding, its value can be determined according to the importance of the load. For the multiple objective functions, this paper adopts the weighted summation method to transform them into a single objective function to minimize the overall control cost:
where, w 1 , w 2 , and w 3 are the weight factors of each subobjective function, respectively. The weight factors of power adjustment costs of the generator, the sound HVDC, and load shedding can be determined by the judgment matrix method [29] .
B. CONSTRAINTS
The constraints of the PPFC model in AC/DC hybrid power grid include:
1) EQUALITY CONSTRAINTS a: NODE POWER BALANCE EQUATION OF AC/DC HYBRID POWER GRID
where, P Gi,t and Q Gi,t are the generator active and reactive power output on node i at time t, respectively; G ij,t and B ij,t are temperature-varying conductance and susceptance in the node admittance matrix, respectively; P Di,t, and Q Di,t, are the active power and reactive power on load node i at time t, respectively; the constant power P-Q the load models are adopted in this study, the influence of load change during PFC can be considered according to the load demand prediction; U i,t and θ i,t are the voltage magnitude and phase angle on node i at time t, respectively; θ ij,t is the phase angle difference between node i and j at time t; β i is the proportion of reactive power shedding Q Di, and active power shedding P Di,t on node i at time t, which is determined by load factor; Q DCi,t is the active power transmitted between ac power system and converter substation i, plus sign denotes power flow into ac power system, while minus sign denotes power outflow ac power system; the plus or minus sign is determined by the loss of reactive power control of converter transformer and converter, as well as the reactive power compensation approach, in general, it requires no reactive power exchange between dc and ac systems, that is widely known as the ''zero reactive power exchange principle.'' [30] .
b: THE RESISTANCE-CURRENT EQUATIONS CONSIDERING THE DYNAMIC ELECTROTHERMAL EFFECT OF THE CONDUCTOR
The resistance of transmission lines has a temperaturevarying characteristic. Thus, the admittance matrix of the power system will be restricted to the conductor temperature, and current I l,t flow through transmission line will also be affected by conductor temperature.
where, G ij,t and B ij,t are temperature-varying conductance and susceptance in the node admittance matrix, respectively; l ∈ (i, j) i, j ∈ S B ; X l is the reactance of transmission line; R l,t (T l,t ) is the resistance of transmission line depends on the conductor temperature T l,t ; I B is the base current.
c: THE DYNAMIC THERMAL EQUATION OF TRANSMISSION LINES
The conductor temperature T l,t changes directly with the current and weather conditions (e.g., wind speed, ambient temperature, and solar radiation) during the period of PFC, which can be calculated through A l,t , B l,t , and U l,t matrixes as presented in [19] . The weather information during the period of PFC can get from weather monitoring devices or meteorological office; meanwhile, the weather conditions can be assumed as constant during the period of PFC due to its time interval is relatively short. The initial conductor temperature at t 0 can be solved from the thermal network model, and the current used to calculate Joule heat can gain from (14) .
2) INEQUALITY CONSTRAINTS a: SAFETY CONSTRAINTS OF AC/DC HYBRID POWER GRID
The node voltage and phase angle must keep within the prescribed limits to prevent voltage or frequency from losing stable during the period of PPFC. Thus, the node voltage magnitude constraint is
where, U i,max andU i,min are the upper and lower limits of voltage magnitude, respectively. The constraint of the phase angle difference between i and j ends of the transmission line is
where, θ ij,max is the phase angle difference limit.
b: CONSTRAINTS OF CONTROL VARIABLES [31]
The constraints of the generator's active power and reactive power output are
where, P Gi,min and P Gi,max are the lower and upper limits of the active power output of generator i, respectively; Q Gi,min and Q Gi,max are the lower and upper limits of the reactive power output of generator i, respectively. The power transmission constraint of the sound HVDC is
where, the P DCi,min and P DCi,max are the lower and upper limits of the sound HVDC's power transmission, respectively. The sound HVDC can overload operate for a short time when it is employed to participate in PPFC. The permissible overload capacity is usually set as the 1.2 rated power. The minimum power transmission is also stipulated, usually set as the 0.1 rated power, to satisfy the requirement of continuous phase change of converters and guarantee the safe operation of HVDC [32] . The load shedding constraint is
where, P Di,max is the maximum amount of removable load on node i.
c: THE SAFE OPERATION CONSTRAINTS OF TRANSMISSION LINES
The existing operation code of transmission lines often adopts the unique conductor temperature T l,limit as the long-term operation limit. However, there is a radial temperature gradient according to the analysis results of conductor thermal network model; the steel core temperature, which affects the sag and clearance safety of transmission line, is higher than the surface. So, for the overload transmission line, the essential of safe operation is the combined action of conductor temperature and withstand time, namely the thermal accumulation. Thus, the conductor temperature vector solved from (15) was adopted as an index to represent the safe operation of transmission lines, and the thermal accumulation is employed to substitute for long-term allowed operation temperature as the safe operation constraint, in order to fully excavate the overload capability of the transmission line during the period of PPFC. When the steel core temperature T steel l,t of line l exceeding the long-term allowable temperatureT l,limit at time t, the integral quantity of temperature difference and time, W steel l,t , was calculated according to (21) and set as safety constraint, namely
where, W steel l,max is the thermal accumulation limit of steel layer; T l,max is the maximum allowable operating temperature, when the temperature of steel core or the aluminum layer exceeds this value, it will bring permanent damage on the mechanical strength of transmission lines. The parameters of T l,limit , T l,max , and W steel l,max are determined by the specific type of conductor and the operating conditions. For the commonly used ACSR conductor, the T l,limit and T l,max are usually set as 70 • C and 100 • C in China [33] , respectively; However, when conductor temperature is between 70 and 100 • C, it is allowed to operate dozens of minutes but will not affect the mechanical strength and shorten the lifetime of transmission line [34] . Hence, the value of W steel l,max was determined as 6000 • C·s in this study, and it can excavate VOLUME 7, 2019 amount of overload capability to support the power transmission on the premise of ensuring the safety of transmission lines [35] .
For the transmission lines without power off-limit, the dynamic electrothermal effects have little influence on the performance of the control model due to the operating current is lower than the rated current. To simplify the calculation of the PPFC model and avoid excessively transferring current to the transmission lines without current off-limit due to the implementation of the control measures, the static thermal rating is adopted as the safety constraint of the transmission line without the power off-limit.
where, I max l is the static thermal rating of line l, it can be obtained from the thermal models of conductors in IEEE Standard 738 or CIGRE TB 601.
d: THE SPEED CONSTRAINTS OF POWER ADJUSTMENT
The power adjusting speeds of both the sound HVDC and generators are limited; the constraints are as follows.
where, P v Gm,max and P v DCk,max are the maximum speeds of power adjustment of generator m and the sound HVDC k, respectively. In theory, the transmission power of HVDC can be controlled rapidly, but for the actual HVDC system, considering the influence of the power drop and fall on the ac system, the HVDC's power amplitude and adjusting speed will be limited to a specific value.
To summary above, the (8)∼(24) constitute the control objective and constraints of PPFC when large-capacity HVDC is blocking or ac transmission lines are tripping off due to a fault in AC/DC hybrid power grid.
C. MODEL OPTIMIZATION
The PPFC optimization model considering the dynamic electrothermal effects of transmission lines is not just a one-off optimization at a single time section but a process optimization at multiple time sections, thus, its objective function and constraints consist of a serious of differential equations and algebraic equations. In this paper, the numerical integration method for solving differential equations is used to transform the differential equations existing in the objective function and constraint conditions into algebraic difference equations with certain step size, and then the optimal solution can be realized by combining them with other algebraic equations.
For the objective function (11), the time interval [t 0 , t f ] of PPFC is divided into N S segments, namely t = 1, 2, · · · , N S , and t is the time span of each segment. Thus, the transformed objective function is as follows. 
Only when steel core temperature exceeding the long-term allowable operation temperature T l,limit , the thermal accumulation W steel l,t in safe operation constraint (21) of transmission lines is enabled to start to calculate. The judgment factor Y is employed to realize this logical judgment; thus, the calculation equation of W steel l,t is transformed into
where, Y l,t is the judgment factor, when T steel l,t exceeds T l,limit , its value is 1, when it is lower than T l,limit , its value is 0; meanwhile, to avoid the situation of Y is invalid when T steel l,t = T l,limit , and does not affect the calculation of the transformed thermal accumulation, a tiny constant b was adopted in this study, whose value is set as b = 1 × 10 −6 .
The speed of power adjustment constraint (24) is also transformed into (28) .
Consequently, the PPFC model for AC/DC hybrid power grid can be represented as follows.
where, F is the objective function, namely the cost of PFC; x t is the control variable vector at time t; g s is the static equality constraint, which only relates to the optimal variables at the present time span, and consist of AC/DC power flow equations (12)∼ (14); g d is the dynamic equality constraint, which relates to the optimal variables at previous time span, and reflects the progressive relation of each time span, it consists of thermal equation (26) and thermal accumulation formula (27) The optimization model proposed in this paper is a multiple constraint nonlinear dynamic optimization problem. Nowadays, there are many sophisticated solution methods in theory; among them, the prediction-correction primal-dual interior point method has been widely applied in solving the large-scale nonlinear optimization problem. This method inherits the advantages of the original-dual interior point method (e.g., it is not sensitive to the initial point, number of iterations, and scale of the power system), can dynamically select the center parameters and take the relaxation effects into consideration; all of these make it has a good convergence performance [36] , [37] . Therefore, this paper utilizes the prediction-correction primal-dual interior point method to solve the above model quickly and obtains the optimal scheme of PPFC.
IV. CASE STUDY A. NETWORK MODIFICATION
The modified IEEE 10-machine 39-node system is employed to verify the proposed PPFC strategy in this study. The original power system is modified as follows: the ac line L [25] [26] is replaced by HVDC 1, the ac line L [16] [17] [18] [19] [20] is replaced by HVDC 2; the basic operating parameters of HVDC, loads and generators are listed in Table A1∼A3 in Appendix. The modified power system is divided into two areas; area A is the sending subsystem, and area B is the receiving subsystem. The two subsystems are interconnected through two ac lines and two HVDC lines, which form a regular AC/DC hybrid power grid, as illustrated in Fig.3 . The base voltage and base power capacity are 230 kV and 100 MVA, respectively. The conductors of transmission lines in this study are assumed as LGJ 400/35 type ACSR, and their resistance, reactance, and weather parameters in different regions are given in table A4.
It is assumed that HVDC 2 occurred blocking at time t 0 , which results in power flow transfer in the power grid. Therefore, the PPFC is implemented to interdict the spreading of the cascading trip. According to the flowchart in Fig.2 , at first, the power flow distribution after the accident is rapidly estimated, and the results indicate that line L 4-14 and L 17-18 will occur current off-limit. Then, the generators 1, 8, 9 and 10, the load nodes 16, 27, 29 and 30, and the sound HVDC 1 are selected as the control variables in this event according to the PTDF vector. All the transmission lines are equipped with adaptive overload thermal protections to ensure that the overload line will not be removed before the conductor temperature reaching its limit; thus, the integrity of the transmission network is maintained.
Considering the difference of control cost between generator output adjustment, HVDC power transmission adjustment, and the load shedding, their weights in the total objective function are determined as w 1 = 0.18, w 2 = 0.02, and w 3 = 0.8 according to the judgment matrix method. The PPFC time interval is t f −t 0 = 20 min [38] , and the control span is selected as t = 1 min. The limits of HVDC, generators, and load shedding nodes during the control period are listed in Tables A1∼A3, the safe operation constraints such as node voltage and phase angle, thermal constraints of transmission lines are listed in Table A5 .
The following three cases are tested under the assumed accident and constraint conditions to reveal the effect of HVDC participating in PPFC and the influence of dynamic electrothermal effects.
Case A: the control variables of PPFC are the active powers of the sound HVDC, controllable generators, and removable loads that selected according to the results of fast power flow estimation; the steel core temperature accumulation is employed as safe operation constraint of transmission lines. This case represents the proposed strategy in this paper.
Case B: the control variables are same as Case A, but the maximum allowable conductor temperature is adopted as safe operation constraint of transmission lines, namely, all parts of the steel or aluminum layers are strictly limited lower than 70 • C.
Case C: the control variables are controllable generators and removable loads in Case A, but do not include HVDC; the safe operation constraint of transmission lines is the static line rating; namely, all the transmission lines are not allowed to overload. This case represents the traditional control strategy in ac power systems.
B. VERIFICATION OF PPFC
The prediction-correction primal-dual interior point method is utilized to solve the optimization problems of the three cases, and the results are illustrated in Fig.4 to Fig.6 .
The power flow of AC/DC hybrid power grid transferred sharply due to the blocking of large-capacity HVDC, results in the currents of L [17] [18] and L 4-14 changing distinctly. The optimization results of the control variable in Case A, including the active power outputs controllable generators, sound HVDC, and removable loads, are illustrated in Fig.4(a) . The current curves and the corresponding conductor temperature curves at different parts of steel and aluminum layers of L [17] [18] and L 4-14 are shown in Fig.4(b) and Fig4(c), respectively. It indicates that, in Case A, although the conductor temperature of L [17] [18] and L 4-14 will short-time exceed 70 • C, the thermal accumulation of conductor during the whole control period is within the safety constraint; the safe constraints can be satisfied without load shedding just through adjusting the active power of generators and sound HVDC. The results reveal that the control strategy in Case A could fully excavate the overload capability of transmission lines by utilizing the dynamic electrothermal effects, reduce the control cost and enhance the flexibility of PPFC on the premise of guarantee the safety of transmission lines. Thus, the effectiveness of the proposed PPFC strategy is verified.
The safe operation constraint of transmission lines in Case B is the maximum allowable temperature, so compared with Case A, as illustrated in Fig.5 , the PPFC needs to adjust more power of generators and HVDC, and shed a certain amount of load, so as to control the current and conductor temperature rise within the safety constraint conditions; thus, this PPFC strategy increases the control costs inevitably. It can be found that, although the control cost is optimized in a certain degree through using the overload capability of transmission lines, the safety threshold was set conservatively, the conductor temperature is strictly limited within 70 • C during the control period, so the overload capability of transmission lines has not been fully excavated.
As shown in Fig.6 , the control strategy in Case C adopts traditional static thermal rating as the safe operation constraint of transmission lines, it also does not utilize the power adjust capability of HVDC to optimize the control scheme, so compared with strategies in Cases A and B, the PPFC in Case C needs to adjust even more power of generators, and shed a large amount of load, so as to control the current and conductor temperature rise within the safety constraint conditions; thus, this PPFC strategy evidently increases the control costs. It also can be found that the conductor temperature curves during the control period, as illustrated in Fig.6(c) , increase slightly and are below the long-term maximum allowable temperature (70 • C) all the time, even though the conductor current getting close to the static thermal rating. Consequently, it is more reasonable to taking conductor temperature as safe operation constraint of transmission lines than the static thermal rating.
The optimization results of the three different control schemes are listed in Table 1 . They all can prevent a large amount of power flow transferring in AC/DC hybrid power grid after the accident. Among them, the scheme in Case A, namely the strategy proposed in this paper, has the lowest control cost. It just relies on the overload capability of transmission lines relieved from the dynamic electrothermal process and coordinated with the power adjusting of generators and sound HVDC, can realize the power flow optimal control without load shedding which will result in power interruption cost. Although the scheme in Case B utilizes the short-time overload capability of transmission lines, the safe operation constraint is harsher, so its control cost is higher than that of case A. The scheme in Case C gives up utilizing the overload capability of transmission lines, so its control cost is the highest. In summary, in the PPFC optimization model, the shorttime overload capability of transmission lines according to the dynamic electrothermal effect of the conductor is introduced, the adjustment of generators' power output, HVDC power transmission, and other measures can be coordinated and perfected, which can overcome the drawbacks of conservative safety constraints of transmission lines and monotonous control approach of the traditional control method, and can improve the control effect on the premise of ensuring the safe operation of the transmission lines.
C. INFLUENCE FACTORS ANALYSIS OF PPFC
In practical operation of the power grid, the meteorological conditions of transmission lines and the load fluctuation during the period of PPFC will affect the dynamic thermal process of transmission lines [39] , and further affect the overall power flow control effect. Therefore, the influence of such factors on the PPFC effect are analyzed.
1) INFLUENCE OF WEATHER CONDITIONS
Supposing that the other operating conditions are constant, and the ambient weather conditions of L [17] [18] are changeable. The ambient temperature ranges from 20 to 35 • C, and the wind speed ranges from 0.1 to 10 m/s, both are brought into the optimization model to solve the problem. Different optimization control results can be obtained. Fig.7(a) and Fig.7(b) are the temperature curves of steel core under different ambient temperatures and wind speeds, respectively. The control costs under different conditions are plotted in Fig.7(c) and Fig.7(d) . The results show that, the overall control cost will increase 279% when ambient temperature rises from 20 • C to 35 • C at the same low wind speed (0.1 m/s); but the overall control cost will reduce 94.13% when wind speed rises from 0.1m/s to 10 m/s at same ambient temperature (35 • C).
It can be concluded that the overload capability of transmission lines and power flow control ability of the power system relate to the ambient weather conditions. If the weather conditions, for instance low ambient temperature and high wind speed, were favorable for heat dissipation, the maximum loadable current of transmission lines would be larger, the control cost would be more economical at the same time. On the contrary, if the weather conditions were adverse for heat dissipation, the maximum loadable current electrothermal effect of the transmission line, which will further affect the effect of the PPFC strategy.
2) INFLUENCE OF LOAD FLUCTUATIONS
Traditional PPFC strategies make control decisions based on the single time section and consider the post-contingency load parameters as constant. However, loads of the power system are not constant but fluctuating over time. Three types of loads fluctuation trends in the receiving subsystem (area B) after the accident are investigated in this study, namely: (a) upward trend in case 1, (b) constant trend in case 2, and (c) downward trend in case 3, as illustrated in Fig.8(a) . The temperature curves of the steel core and the control costs under different load fluctuation trends solved by the optimization model of scheme A in Case A, are plotted in Fig.8(b) and Fig.8(c) , respectively. The results show that, compared with the constant load in case 2, the overall control cost will increase 238.84% if load increase (case 1) and reduce 28.22% if load decrease (case 3).
It can be found that the load fluctuation trend also has an influence on the overload capability of the transmission line and the effect of PPFC. Compared with the situation of constant load after the accident (case 2), if power system load had a downward fluctuation trend during the control period (case 3), it would facilitate the PPFC from reducing the amount of generator power output adjustment and even without load shedding, to achieve an economical control cost. However, if power system load had an upward fluctuation trend during the control period (case 1), it would accelerate the conductor temperature rise, increase the amount of generator power output adjustment, and shed more load; consequently, the control cost would increase. The proposed PPFC strategy optimizes the control process at multiple time sections according to the load fluctuation over time, to mitigate the overheating damage of overload current on the safe operation of transmission lines; otherwise, it may lead to another accident and accelerate the cascading trip.
In summary, compared with the traditional PPFC methods, the proposed strategy can take advantage of the existing weather forecast, DTR forecast [40] , and load forecast technology, and fully take the influence of weather conditions and load fluctuations on the safe operation of transmission lines and the control costs into account, making the PPFC more accordant with the actual operation situations.
V. CONCLUSION
A post-emergency power flow control strategy considering the dynamic electrothermal effects of power lines was proposed in this paper, and the corresponding optimization model and its solving method were established. The strategy can effectively interdict the power flow transferring and prevent the spreading of the cascading trip in AC/DC hybrid power grid. Through this study, the following conclusions are drawn:
a) The proposed PPFC strategy adopts the thermal accumulation of steel core temperature as the safe operation constraint of transmission lines according to the transient temperature rise trajectory of the conductor during the control period. Compared with adopting the static thermal rating or the conservative conductor temperature as safety constraints, the proposed method can fully excavate the short-time overload capability of transmission lines to provide power transmission support for the safe operation of the power grid.
b) The optimization model in the PPFC strategy can reasonably coordinate the adjustment effects of the sound HVDC as well as generators and the transient temperature rise effect of the transmission lines, to realize the optimal power flow control on the premise of ensuring the safe operation of transmission lines. The effectiveness of the proposed method was verified through case studies on the modified AC/DC hybrid grid.
c) The PPFC strategy has a procedure of control variable selection, compared with the conventional optimal control method, it can overcome the disadvantages of too much equipment participating in the control optimization; thus, it can effectively improve the implementation efficiency of post-emergency power flow control.
d) The PPFC strategy takes the influence of weather conditions and load fluctuations on the electrothermal safety of transmission line into account, to optimize the control process at multiple time sections rather than one-off optimization at a single time section, is more accordant with the actual operating situations. JING CHEN received the B.E. degree in electrical engineering from the China University of Petroleum, Qingdao, China, in 2016. She is currently pursuing the M.E. degree with the School of Electrical Engineering, Chongqing University. Her research interest includes power system control and protection.
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